Mechanisms for the formation of these products have been proposed by 8 2 Zakharov and Nevostruev and also by Boyd and Brown.
The halogens have several stable oxidation states both as solid salts and.in solution. As indicated above, several of these states are evidently produced in the radiolysis of halates and perhalates. A universal method for detecting these products would be quite valuable.
X-ray photoelectron spectroscopy (XPS) shows promise in this regard.
It is very sensitive to changes in oxidation state and is therefore a powerful ~echnique for the determination of the chemical states of radioiytical products. The XPS technique is also advantageous in allowing direct in situ observation of the species trapped within the crystal lattice, and it is sensitive to molecular species undetectable by ESR. prins 9 has found radiolytical products such as Cl0 3 , CIO , and
CIon a NaCl0 2 sample exposed to Al Ka X-rays during XPS measurements.
. 10 11 Stimulated by his findings and our previous radiation damage stud1es, , we applied XPS to the examination of chemical changes in the oxygen ligand as well as the central halogen in electron-irradiated NaCl0 3 , LiCl0 4 , LiBr0 3 , and LiI0 4
• In this paper, the radiolytical products identified in the electron-irradiated solids are compared with observations for gamma-ray radiolysis by other workers. It is found that, except in the case of LiI0 4 , reduction of the halogen is accompanied by stepwise release of oxygen from the parent oxyanion and that heavy irradiations result in the formation of X-, 02' and alkali metal oxide.
Intense color center formation due to electron bombardment is observed, and the existence of a trapped hole center X; is inferred from the data.
II. EXPERIMENTAL
A single crystal .of LiCl0 4 was grown by slow cooling of its melt.
LiBr0 3 and LiI04 powders were pressed into pellets 6mm in diameter, 2 using a pressure of 120 kg/em. The samples were stored in a vacuum desiccator until the XPS measurements because they are highly hygroscopic.
The experimental apparatus and procedures used for electron irradiation of the samples and subsequent XPS measurements have been described in detail elsewhere. Tables I and II. The NaCl0 3 sample was very sensitive to irradiation. Table II and from spectral changes in the valence band region (to be shown in Fig. 3 ). The apparent broadening to lower binding energy, represented as peak C, may indicate the presence-of inequivalent binding sites for Cl anions in the chemically altered lattice, or may simply be an artifact of the procedure used to fit the spectra. However, .the feature denoted peak A represents a definite chemical species of Cl which appears to be in an oxidation state between Cl and C1Q. In addition, the sample surface developed a faint blue coloration, indicating the presence of color centers.
Exposure of the sample to white light from a tungsten lamp removed the faint blue coloration, revealing a cloudy surface. The resultant XPS spectrum is shown in Fig. led) . The most significant change in the spectrum is the reappearance of a small amount of the parent chlorine species. Also significant is the disappearance of the high binding The spectral changes in the O(ls) region which result from e irradiation and subsequent photobleaching are shown in 
woo serve a pea correspon 1ng 0 an a pea at t e same energy as O(ls) in CIO; in soft X-ray irradiated NaCI0 3 ; the latter they assigned to 02 trapped in a lattice site of the crystal and the former to interstitial ° atoms associated with 02 in a complex similar to ozonide ion.
Our data on e irradiated NaCI0 3 presented in Fig. l • The photobleach produced the spectrum shown in Fig. 2 
(c).
A notable change is the apparent regeneration of the parent species, as was observed in Fig. led ).
In Fig. 3 (a), we show the valence band region, including the Na (2s) and Na(2p) lines, of the pre irradiated NaCl0 3 • Although the la 1 orbital peak overlaps the Na(2p) peak, the spectral pattern is almost the same which have similar valence band spectra, is again suggested.
C. Spectral Changes and Product Identification in Irradiated LiBr0 3
The LiBr0 3 sample was also very sensitive to irradiation. Fig. 8(b) shows the Br(3p) region of the sample after irradiation for five seconds.
The spectrum reveals the presence of bromine in four different oxidation states.· A computer fit using four spin-orbit doublets with the relative intensities and FWHM of the doublet peaks determined from Photobleaching the colored sample resulted in the reappearance of -photopeak~ corresponding to Br0 3 and ~r02' as shown in Fig. 8(d) .
Although the presence of Br 2 was not confirmed in Fig. 8 and Li 2 0, respectively)--appeared. The assignment of peak R is supported by the fact that it slowly increased in relative intensity and survived \ heavy irradiation, as seen in Fig. 9(b) . Fig. 9 c t e re ormation of the parent species during photobleaching of the color center is again observed.
The valence-band spectrum taken with careful variation of the electron collection position to minimize the impact of X-radiation damage on the spectrum is given in Fig. lOCal . We noted the energy resolution of this spectrum is better than that in a recent publication by 24 
Nefedov et ale
Electron irradiation caused a gradual decrease in the intensity of the molecular orbitals, producing the spectrum shown in 
D. Identification of the Products in Irradiated LiI04
In contrast to the preceding examples, LiI04 was very resistant to Table I . From the chemical shift -in the I(3d S / 2 ) energy, the product is assigned as 103' The I(3d S / 2 ) energy of 103 has been found to be lower by 1.S eV than that of 10-31 4.
There was no photopeak attributable to further radiolytical products such as 12 and 13 which have been observed for gamma-irradiated 
Oxygen atoms produced via reactions (1) and (2) may lead to abstraction, addition, or direct combination of the atoms:
,.,
-° + X0 3 -+ X0 4 , and
Whereas the reaction rates (3) and (4) On the other hand, products from reactions (1) and (2) utable to the trapped electron centers were found, due both to the low color-center concentration and its small photoionization cross-section at Al Ka X-ray energies. The absolute photoemission cross-section of a color center should be roughly the same order of magnitude as atomic -3 38 hydrogen, which is estimated to be 10 that of the Cl(3p) shell.
The discovery of alkali-metal oxide formation is quite important, since the chemical fate of the positive ion in the radiolysis of the halates and perhalates is largely unknown. Fig. 11 shows the changes in the amounts of (X; + X-) and Li 2 0 in the LiCl0 4 and LiBro3 samples.
It is clear that in both cases the formation of Li 2 0 does not begin until more than 60% of the original material is converted into the alkali halide. This strongly suggests that Li 2 0 is not a primary product but is produced in a secondary reaction, perhaps via oxidation of colloidal particles of lithium. Aggregation of alkali-metal particles by electron irradiation has been found in such alkali halides as . The oxygen for the oxidation of the colloidal particles is produced via reactions such as Eqs. (1) and (2). This is supported by the observation of 02 formed during X-ray 12 irradiation of NaCl0 3
• and Cl(3s) and (3p) , respectively (see Fig. 3 ). 
